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MATERIALS SCIENCE DIVISION 
COAL TECHNOLOGY NINTH QUARTERLY REPORT, 

OCTOBER-DECEMBER 1976 

HIGHLIGHTS 

Task A — Evaluation of Ceramic Refractories for Slagging Gasifiers 
(C. R. Kennedy and R. B. Poeppel) 

The analysis of specimens from 500-h run 3 was completed. Although 
the base-to-acid ratio varied from 1.25 to 0.65 during the test, the results 
are in substantial agreement with those of earlier tests. Construction of 
a new furnace bottom that will provide temperature gradients consistent with 
water-cooled cold faces has begun. 

Task B — Evaluation of Ceramic Coatings for Coal-conversion Plants 
(R. B. Poeppel) 

No progress was made during this quarter. 

Task C — Application and Development of Nondestructive Evaluation Methods 
for Coal-conversion Processes (W. A. Ellingson, W. J. Shack, and 
C. L. Johnson) 

Continuous in-situ erosive-wear detection systems developed for 
determining erosion rates of the Bi-Gas process development unit were in­
stalled at three locations on the main coal-slurry feed line this quarter. 
Two of the systems were installed on 30° sweep lines, and one was placed on a 
90° "blocked tee." All are on 254-mm A106B Schedule 120 carbon steel. 
Thermal-pattern recognition studies for determining erosive wear of refractorv-
lined transfer lines were continued by development of ground-level energy 
subtractive routines. Two cavities were studied for thermal profile dif­
ferences. In addition, a second full-scale refractory test panel was cast 
and acoustic-emission data were obtained during thermal curing. Initial 
results show that acoustic emission can be monitored to track internal wall 
temperature, which indicates that a potential exists for shrinkage crack 
control. 

Task D — Corrosion Behavior of Materials in Coal-conversion Processes 
(K. Natesan and 0. K. Chopra) 

A thermodynamic analysis has been performed to examine the multi-
component gas environment as a function of temperature and pressure in dif­
ferent pilot-plant coal-gasification processes. The results are used to 
evaluate the stability of phases in Incoloy 800, Type 304 stainless steel, 
and Inconel 671 alloys in the process environments. The construction of a 
corrosion test rig for the exposure of uniaxial tensile and corrosion speci­
mens is completed, and preliminary experiments are being conducted Four 
selected alloys, namely, U.S. Steel 18-18-2 alloy. Type 310 stainless steel 
Incoloy 800, and Inconel 671, were exposed to a multicomponent gas environment 

viii 



at 816°C for 25 h. The specimens were subsequently analyzed by optical 
metallography and scanning-electron microscopy. The results show that all 
the alloys developed chromium-rich oxide scales with some degree of internal-
oxidation, -sulfidation, and -carburization. 

Task E — Erosion Behavior of Materials in Coal-conversion Processes 
(y. J. Shack) 

The basic assumptions of the analytical model developed for high-
angle impact are reviewed. Numerical results are calculated for Types 304 
and 310 stainless steels and compared with experimental results. The agree­
ment is good at room temperatures but not good at high temperatures. The 
disagreement at high temperatures is attributed to the development of a pro­
tective oxide film. 

Task F — Component Performance and Failure Analysis (S. Danyluk, 
G. M. Dragel, M. D. Gorman, W. J. Shack, and W. A. Ellingson) 

Failed components from the Synthane pilot plant (weld-neck flange and 
ball-valve stem), HYGAS pilot plant [N2 purge line (322 line) and thermocouple 
protection tube], and Grand Forks Energy Research Center (gate valve) were 
examined during this quarter. The results have been communicated to the re­
spective pilot plants. The following failure analysis reports have been 
issued: "Analysis of the HYGAS Ash Agglomerating Gasifier Internal Cyclone 
Dipleg Failure," "Synthane Weld Neck Flange Failure," and "Synthane Gasifier 
Distributor Cone Thermocouple Sheath (TE-268) Failures." 

IX 





MATERIALS SCIENCE DIVISION 
COAL TECHNOLOGY NINTH QUARTERLY REPORT, 

OCTOBER-DECEMBER 1976 

ABSTRACT 

This broad-base materials program, begun in October 1974, 
includes studies on both ceramic (refractory) and metallic 
materials. Appropriate laboratory and field experiments 
are integrated. This quarterly report, for the period October-
December 1976, presents the technical accomplishments in 
Tasks A and C-F. 

INTRODUCTION 

The economical conversion of coal into cleaner and more usable fuels 
will be facilitated through use of the most durable materials systems. The 
present report is the ninth quarterly progress report submitted by Argonne 
National Laboratory to the Fossil Energy Research Division of ERDA under 
project Number 7106, "Materials Technology for Coal Conversion Processes." 

The project includes six tasks: (A) evaluation of ceramic refrac­
tories exposed to abrasion-corrosion caused by coal slag encountered in 
slagging gasifiers, (B) evaluation of ceramic coatings and refractories 
exposed to erosive environments, (C) development, evaluation, and application 
of nondestructive evaluation methods applicable to coal-conversion systems, 
such as in-situ erosive-wear detection/monitoring, (D) development of analy­
tical models to predict corrosion behavior, e.g., phase transformations, of 
iron- and nickel-base alloys in gaseous environments, (E) development of 
analytical models to predict the erosive-wear behavior of materials used in 
coal-gasification plants, and (F) analysis of failed coal-gasification plant 
components. Progress in Tasks A and C-F is discussed in the present report.* 

Task A — Evaluation of Ceramic Refractories for Slagging Gasifiers 
(C. R. Kennedy and R. B. Poeppel) 

A third, 500-h run that exposed refractory specimens to slag attack 
at 1500°C and oxygen partial pressures of '\>1Q~^ Pa has been completed. Table 
I lists the slag chemistry (determined by wet chemical analysis) as a function 
of time throughout the test. As initially formulated, the slag was basic, 
with a base-to-acid (B/A) ratio of 1.25. As the test proceeded, substantial 
amounts of AI2O3, apparently from the furnace bottom (and several chunks 
of high AI2O3 refractory that spalled from the roof), dissolved into 
the slag and caused the slag to become acidic in nature between 3 and 188 h 
(B/A = 0.79). Slow dissolution of AI2O3 continued through the test until 
the B/A ratio was 0.65 at 532 h. 

*Progress in Task B will be presented in the next quarterly report, 



TABLE I. Slag Composition (wt%) during Abrasion-Corrosion 
Test Run 3 

Compon 

Si02 

P2O5 

Cr^Oj 

AI2O3 

MgO 

Ti02 

^^2^3 

CaO 

Na20 

K2O 

SO3 

V2O3 

ent 

(S) 

(A) 

(M) 

(T) 

(F) 

(C) 

(N) 

(K) 

Residue 

B/A Ratio^ 

3 

29.96 

0.06 

0.47 

13.00 

4.10 

0.38 

11.19 

35.30 

1.0-5.0 

0.5-1.0 

0.037 

<0.01 

0.84 

1.25 

Time 

188 

26.40 

0.05 

0.31 

27.70 

3.44 

0.33 

8.58 

31.70 

0.05-0. 

0.05-0. 

0.020 

<0.01 

0.66 

0.79 

, h 

50 

50 

358 

24.46 

0.04 

0.20 

32.90 

2.44 

0.40 

8.69 

27.20 

0.05-0. 

0.05-0. 

0.020 

<0.01 

2.80 

0.67 

50 

50 

532 

22.90 

0.01 

0.41 

34.40 

2.04 

0.37 

6.33 

28.55 

0.05-0.50 

0.05-0.50 

0.025 

<0.01 

4.40 

0.65 

^Base-to-acid ratio B/A = (F + C + M-t-N + K/S -t- A + T) 



Figures 1-4 show the 16 refractory bricks as they appeared after ex­
posure to the slag. The bricks are identified in Table II, and their relative 
corrosion resistance is summarized. 

The sintered magnesia-chrome spinel specimens (Fig. 1) and sintered 
alumina-chrome specimens (Fig. 2) exhibited relatively small volume losses 
and depths of removal despite significant slag penetration. The Al203-Si02 
and Al203-Si02-Zr02 bricks performed poorly (Fig. 3) as did a silicon-
oxynitrlde brick. The fusion-cast Cr203-Fe203-Mg0 spinel specimen (Fig. 4) 
exhibited negligible interaction, as in runs 1 and 2. 

Comparison between the results of runs 2 and 3 for the four bricks 
tested in both runs (19, 20, 22, and 24) indicates that the volume losses 
and depths or removal (abrasion) are similar despite a wide variation in final 
slag chemistry, e.g., run 2 B/A = 1.5 and run 3 B/A = 0.65. 

Redesign of the bottom section of the furnace to provide prototypic 
temperature profiles has been completed and construction has begun. The new 
refractory lining will consist of full-length (228.6 mm), 3/4-length, and 
1/2-length bricks backed by water-coolant cans. Each can will cool three 
bricks of the same length and composition, with four compositions being tested 
simultaneously (total of 12 cans and 36 bricks). Thermocouples will be in­
stalled at regular intervals so that heat-flow calculations can be performed. 

Compositions scheduled for testing in the next two 500-h tests under 
prototypic thermal profiles include silicon carbide, silicon oxynitride, 
MgO-Cr203 spinel, and Al203-Cr203 bricks. 

Task C — Application and Development of Nondestructive Evaluation Methods 
for Coal-conversion Processes {\}. A. Ellingson, W. J. Shack, and 
C. L. Johnson) 

Major portions of the field installation for the Bi-Gas in-situ erosive-
wear measurement system were completed this quarter. Data will be obtained on 
A106B Schedule 120, 250-mm-diam piping. Control of refractory heatup through 
use of acoustic emission was investigated by laboratory studies on a full-
scale monolithic refractory test panel. 

1, Erosive-wear Detection and Monitoring 

a. Metallic Transfer Lines 

The field installations of the in-situ erosive-wear measurement 
system at the Bi-Gas coal-gasification facility were completed. Acoustic 
waveguides, described in a previous report,! were attached at three areas 
shown schematically in Fig. 5 as locations 2-4. All waveguides are attached to 
250-mm A106B Schedule 120 carbon steel piping. The waveguides at location 1, 
which are not installed, will be on Type 316 stainless steel. 

Installation required that the transfer-line insulation be removed in 
the regions for which wall-thickness data were to be obtained. This was 
accomplished by manually sawing the aluminum outer skin and insulation away 
as shown in Fig. 6. 



Fig. 1. Sintered Mg0-Cr203 Bricks after 
Exposure to Slag. (a) 19, (b) 20, (c) 21, 
(d) 29, and (e) 30. Neg. No. MSD-63798. 



-V 

ML 

(a) (b) 

(d) 

Fig. 2. Sintered Al203-Cr203 Bricks after Exposure to Slag. (a) 23, 
(b) 852, (c) 26, and (d) 18 (castable). Neg. No. MSD-63799. 



(a) 

(c) 

Fig. 3. Various Refractory Bricks after Exposure to Slag. (a) 34, 
(b) 14, (c) 33, and (d) 36 (note that the entire bottom half of'thi^ 
brick has dissolved). Neg. No. MSD-63800. 

^ S £ f « ^ ^ ^ 



(a) 

(b) (c) 

Fig. 4. Fusion-cast Brick after Exposure to Slag. (a) 65, (b) 24, 
and (c) 22 (note negligible attack). Neg. No. MSD-63801. 



00 

Identi­
fication 
Number 

19 

20 

21 

29 

30 

23 

852 

26 

36 

14 

34 

33 

18 

24 

22 

65 

TABLE II. Relative Resistance 

Composition 

MgO (53%)-Cr203 (19%) 

MgO (59%)-Cr203 (19%) 

MgO (59%)-Cr203 (14.5%) 

MgO (62.7%)-Cr203 (18.1%) 

MgO (62.6%)-Cr203 (16.8%) 

AI2O3 (89.7%)-Cr203 (10%) 

AI2O3 (81.1%)-Cr203 (16.6%) 

AI2O3 (67.5%)-Cr203 (32.0%) 

Si (56%) 0 (15%) N (28%) 

AI2O3 (91.6%)-Si02 (8%) 

of ] Refrac 

AI2O3 (55.7%)-Si02 (26.8%)-Zr02 (16.1%) 

MgO, AI2O3 

AI2O3 (21.4%)-Fe203 (22.6%)-
Castable 

AI2O3 (97.6%) 

Cr203 (79.7%)-MgO (8.1%)-Fe' 
(1.3%) 

AI2O3 (50%)-Zr02 (34%)-Si02 

-Cr203 

,03 (6. 

(14%) 

(39 

! % ) • 

.6%), 

-Si02 

tories Exposed 

Bond 

Sintered 

i 
Chemical 

Fusion Cast 

< ' 

to Slag in Run 

Normalized 
Material 
Lost, 
vol% 

3.2 

1.5 

2.3 

1.4 

1.5 

5.8 

2.7 

2.8 

45.5 

10.3 

59.0 

7.0 

5.8 

4.0 

0.3 

33.4 

3 

Maximum 
Depth of 
Penetra­
tion, mm 

35.6 

38.1 

40.6 

38.1 

40.6 

48.3 

27.9 

58.4 

62.7^ 

45.7 

73.7a 

73.7a 

53.3 

22.9 

5.1 

73.7a 

Maximum 
Depth of 
Removal, 

TTim 

11.4 

8.1 

11.4 

5.8 

8.9 

10.7 

14.5 

16.0 

62.7a 

35.6 

73.7a 

22.9 

11.4 

19.6 

1.9 

73.7a 

Complete attack. 
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Fig. 5. Schematic Diagram of Bi-
Gas Coal-conversion Process 
Showing Location of In-situ 
Erosion-measurement Systems. 
Neg. No. MSD-63393. 

Fig. 6. Photograph of Insulation Re­
moval. Note dual thickness at the cap 
end of "top tee." Neg. No. MSD-
63857. 

Longitudinal-wave transducers (5-MHz) are attached to the waveguides 
as shown in Fig. 7. Because the incoming flow line is '\'30° off the vertical 
(as shown in Figs. 8 and 9), the measurement system is located off vertical. 
Figure 8 is a photograph of the coal-feed line configuration, and Fig. 9 is 
a schematic that shows details of the sweep-line geometry. 

The measurement points on the "top tee" (location 2) are shown 
schematically in Fig. 10. The hub has a specification that calls for a 
nominal wall thickness of 31.75 mm; the incoming and outgoing piping were 
welded to the hub as shown in Fig. 10. Base-line wall-thickness measure­
ments are listed in Table III. The increase in wall thickness between 
position 25 and 26 is a result of the weld between the hub and outgoing 
piping. 

Installation at the two 30° sweep positions (locations 3 and 4) was 
accomplished using techniques similar to those employed on the top tee. 
Figure 11 shows a perspective of the assembly. Figure 12 shows one of the 



Fig. 7. Photograph of "Top Tee" Showing 
Waveguides with 5-MHz Longitudinal-
wave Ultrasonic Transducers Attached 
for In-situ Erosion Measurement. Note 
that the position is off vertical such 
that the measurement is directly in 
line with incoming flow. Neg. No. 
MSD-63854. 

10 inch A 106 B 
SCHEDULE • 120 10 WAVEGUIDES AS PER 

. PR(»UCT 6AS LINE 
BLOCKED TEE 

WAVEGUIOeS 

Fig. 8. Photograph of Bi-Gas Coal-
feed Line Showing Sweep Angles 
and "Top Tee." Neg. No. MSD-
63856. 

Fig. 9. Schematic Representation 
of Erosion-measurement Posi­
tions for Bi-Gas Coal-feed 
Transfer Line. Net;. No. M«;n-
62999. 

10 
.^•"'•-—mm^^ "V 



•21 22 23 24 2S 26272829 30 SI 

dj dj de dg d; d, d, d, d, d. 
HUB SC-120 
NOM WALL 31.75 mtn (1.25 M 

\ , CRAY-LOCK FLANGE 

A106 GRADE B PIPE 
DIA 254mm(IOIivl 

Fig. 10. Schematic Diagram 
Showing Monitoring Points on 
"Top Tee." Neg. No. MSD-
63831. 

TABLE III. Base-line Wall Thickness of Top Tee Points 

Erosion Point Wall Thickness' 
mm 

21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

20.92 
20.75 

21 .41 ' 
35.10^ 
34.65 
35.00 
34.75 
34.85 
34.90 

ASTM specification permits manufactured wall thickness 
to vary up to 12.5% under nominal (21.41 mm), i.e., 
minimum wall thickness of 18.75 mm. 

Approximated by subtracting known waveguide length from 
length determined by initial pulse to backwall echo. 

11 



Fig. 11. Photograph of In­
stallation. Neg. No. MSD-
63858. 

Fig. 12. Photograph of Installed 
Delay Lines at Lower Sweep 
Position Prior to Attachment 
of 5-MHz Transducers. Neg. 
No. MSD-63855. 

installations completed except for transducer attachment. Numerical iden­
tification of the individual positions is indicated in Fig. 9. Table IV 
lists the measured base-line wall-thickness values for the sweep positions. 
No data were obtained at position 16 because the echo contained a significant 
noise level and the desired signal could not be discriminated. 

b. Refractory-lined Transfer Lines 

During this quarter, the study of using infrared images for 
quantitative prediction of defects in refractory linings was continued. In 
the present experiments, a GREENLITE 28 refractory tile* was arbitrarily 
chosen as the test sample; the setup is shown in Fig. 13. A hot plate was 

*Manufactured by A. P. Green Refractories Company. 
(60-63%) and silica (33-36%). 

Contains primary alumina 
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TABLE IV. Base-line Wall-thickness Values for 30° Sweep Positions 

Sweep Erosion Point 
Wall Thickness 

mm 

Upper 20 
19 
18 
17 
16 

19.58 
18.99 
21.21 
19.76 

Lower 15 
14 
13 
12 
11 

18.47 
18.42 
19.02 
17.50 
19.10 

ASTM s p e c i f i c a t i o n permits manufactured wal l th ickness to vary up to 12.5% 
under nominal (21 .41) , i . e . , minimum wall th ickness of 18.75 mm. 

CEBWIIC 

INFRARED 
CWERA'̂  

FRONT-
SURFACE 

HlRROR 

Fig. 13. Schematic of Laboratory 
Test Arrangement Used to Study 
Thermal Patterns of Defects. Neg. 
No. MSD-63830. 

used as the heat source. To minimize 
lateral heat dissipation in the sample, 
a nichrome wire was Impregnated into a 
narrow groove cut around the front sur­
face of the tile. Currents through the 
wire were adjusted to ensure an iso­
thermal surface condition when the 
bottom of the tile was heated and the 
system reached steady state. To 
minimize reflection caused by the am­
bient irradiation, the front surface of 
the tile was painted black using 3M 
Nextel Velvet coating. 

In the experiment, first a 
black and white picture was taken from 
the infrared display to establish the 
ground-level energies* (Fig. 14). 
In Fig. 14a, the white region represents 
hot spots; the hot spots near the lower 
edge result from the heat liberated 
from the nichrome (guard) heater. The 
rest of the picture shows nearly uniform 
gray tone, which signifies that the sur­
face has reached the isothermal state. 

To additionally enhance the visual perception as well as prepare for 
later data analysis, the black and white picture was image processed and 
digitized over the region shown, and the two-dimensional array was plotted in 

^Defined herein as the energy output from a good (or no-fault) sample. 
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(a) 

(b) 

Fig. 14. Analog-to-digital Conversion of Ground-
level Energies of Thermal Pattern. (a) Initial 
black and white image and (b) isometric display 
of resultant digitized image. Mc^. Nos. MSD-
63865 and MSD-63865-1. 
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a three-dimensional display as shown in Fig. 14b. The temperature (T) axis 
in the figure denotes the infrared energy levels and local spikes on the T 
surface can be attributed to small dimples which appear on the refractory 
surface. 

Following this preparation work, a cavity (12 mm in diameter and 6 mm 
deep) was drilled on the back side of the refractory and the infrared picture 
was again taken, digitized, and displayed as shown in Fig. 15. Because of 
the presence of the cavity, hot spots appeared. 

The cavity was deepened from 6 to 14 mm, and the same procedures were 
repeated; this yielded another set of data as shown in Fig. 16. As expected, 
the sharp ridges in Fig, 15b are rounded off in Fig. 16b because of the spread 
of the hot spots. 

As noted earlier, the first picture (Fig. 14) was used to establish 
ground-level energies. To study the net effect due to material defects, the 
data in Figs. 15 and 16 must be "cleaned" by subtracting out the ground-level 
energies. This operation also removes from the view field the misleading 
signals, which, in the present case, are caused by those hot spots that 
result from the nichrome heater. This cleaned data set is entered into the 
computer memory and used for analysis. 

It is quite obvious that, with the infrared image digitized in a two-
dimensional array, the data available for analysis are plentiful. Many 
criteria can be used for feature extraction, but only six were selected for 
test purposes. During this quarter, the extraction method used was that of 
passing a constant T plane through the T surface. This generates isotherm 
contours at selected T levels; in Fig. 15, for example, the area enclosed by 
the isotherm contours can thus be evaluated and plotted versus T as shown in 
Fig. 17a. 

Additional use of these isotherm contours can be made by calculating 
,. over the area A enclosed by the contour. The integrated value can 
again be plotted versus T, thus yielding another feature plot (Fig. 17b).* 
L 

Figure 17c was constructed by dividing the ordinates of the curve in 
Fig. 17b by those in Fig. 17a and plotting the division versus T. On the 
other hand, Fig. 17d-f shows the slope of the curves in the aforementioned 
plots. A repeat of the above procedure using Fig. 16~yields a second set 
of feature plots as shown in Fig. 18. (Figure 18a-c and e also shows the 
data from Fig. 17a-c and e.) Since the total feature extraction portion of 
the analysis is complete, the thermal-pattern recognition process can be per­
formed. 

The utility of comparing the curves in Fig. 18b is readily observed. 
Not only are they smooth, but a marked upward curve shift can be observed 
when the cavity is deepened. Thus, this curve shift can be used for iden­
tifying defects. 

Note that the curves in Fig 18a, c, and e also characterize a curve 
shift. The curves in these three plots are less smooth; a cross-over point 

*In the figure, the integrated value was designated integrated "volume" from a 
geometrical standpoint. 
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(b) 

Fig. 15. Analog-to-digital Conversion of Thermal 
Pattern of Sample with Enlarged Cavity Defect, 
(a) Initial steady-state black and white image 
and (b) isometric display of resultant digitized 
image. Neg. Nos. MSD-63864-1 and MSD-63866. 
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(b) 

Fig. 16. Analog-to-digital Conversion of Thermal 
Pattern of Sample with Enlarged Cavity Defect, 
(a) Initial steady-state black and white image 
and (b) isometric display of resultant digitized 
image. Neg. Nos. MSD-63866-1 and MSD-63864. 
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even appears in Fig. 18c, which signifies that caution must be exercised when 
this feature is used for analysis. Other feature curves (Figs. 17d and f and 
18d and f) are quite irregular and therefore useless for pattern recognition. 

Interior materials discontinuities will affect the observed surface 
temperature pattern. However, when using thermal-pattern recognition to 
identify interior flaws, the resolution depends on the surface boundary con­
ditions applied as well as thermophysical properties of the material that com­
prises the test system. The method is additionally complicated by the fact 
that the temperature resolution capability of the infrared camera is 0.2''C at 
a 30°C object temperature.2 Hence, an instrumentation limit to identification 
of flaws exists. 

The need exists for a model analysis that permits study of the effects 
of individual parameters, which is economically infeasible with laboratory 
experiments. In the model analysis, one can conduct synthesized tests of 
specimens with simple material defects and analyze the results. Hence, this 
model analysis will reveal the strength and limitation of the pattern-
recognition method unperturbed by the instrument error that cannot be isolated 
in experiments. This analysis will be the main task during the next quarter. 

2. Refractory-installation Practices — Acoustic Emission 

Thermomechanical failure of refractories exposed to high pressure and 
temperature could present a highly undesirable operational condition. This 
type of failure is anticipated in coal-gasification plants (especially high 
Btu) because of (a) expected large vessel size, (b) high operating pressures, 
(c) high operating temperature, and (d) exposure to severe erosive-corrosive 
environments. 

Cracks in the refractory lining can lead to local hot spots on the 
pressure-boundary plate, and heat losses through a cracked lining can be sub­
stantially higher than through a sound lining. If a sound refractory lining 
can be produced, the lining thickness can be reduced, which may result in an 
increase in the net capacity of the conversion system or a decrease in vessel 
size. Thus, control of the extent of cracking during heatup should aid in 
development of a strong, longer-life component. 

The sensitivity of acoustic-emission methods for detection of cracking 
is being studied so that cracking of refractory linings during curing can be 
monitored and thus controlled. This quarter a full-scale test panel was 
cured and continuously monitored for acoustic emission during the entire tem­
perature cycle. The full-scale panel tested consists of a 19-mm steel plate, 
which simulates the pressure boundary with a 229-mm-thick monolithic refrac-' 
tory lining. The test panel was 1.01 x 1.27 m, and anchors were spaced at 
229-mm Intervals as shown in Fig. 19. These were standard "Y" anchors 
(hangers), which were welded to the steel shell as shown in Fig. 20. The 
anchors were made entirely of Type 304 stainless steel. Thermocouples 
(copper-constantan) were attached to the anchors at 25-mm intervals through 
the refractory thickness at two locations, one near the center of the refrac­
tory and the other 178 mm from one edge (Fig. 19). The array of thermo­
couples at these two positions enabled establishment of the temperature pro-
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F i g . 19. Plan View of F u l l - s c a l e Refractory Test Panel . 
Neg. No. MSD-63823. 
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Fig. 20. Cross-section of Full-scale Refractory Test Panel 
Showing Hanger and Throughwall Position of Thermocouples. 
Neg. No. MSD-63826. 
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file through the refractory. Additional thermocouples were placed such that 
the temperature distribution of the refractory surface that faces the heating 
elements could be determined (Fig. 19). 

The refractory used for this test panel was Babcock and Wilcox KAOTAB, 
which is a 93% alumina refractory with a nominal density of 2400 kg/m-̂ . The 
refractory was cast using the "ball-in-hand" consistency test and vibrated 
using a portable eccentric vibrator. Mixing was accomplished through use of 
a standard "paddle wheel" mixer, which has a capacity of two bags per mix. 
Some problems occurred in the casting process; the "ball-in-hand" consistency 
tended to dry rapidly, and fast work was required to avoid initial "set" 
before addition of the next batch of material. After casting, the refractory 
was allowed to air dry for 14 days at room temperature. 

Two nondestructive examinations were conducted on the test panel: 
acoustic emission, to investigate the relation between refractory shrinkage 
cracking and acoustic emission, and gamma radiography, to establish crack-
pattern detection capability before and after curing. 

The test-panel heat-up cycle was regulated by an automatic temperature 
controller system, shown schematically in Fig. 21. 

t TYPE K 2 TYPE S 
THERMOCOUPLES 

MULTI-POINT STRIP CHART 
RECORDER —PRESENTLY 
CAPABLE OF ACCEPTING 

63 THERMOCOUPLES 

i REFERENCE 
JUNCTION 

65.6 *C T/C 

—[SWITCH 

T/C TEMP. 
SET POINT 

DEVIATION 
AMPUFIER 

PROPORTIONAL 
CONTROLLER 

PERCENT 
TIMER 

AUTOMATIC 
TEMPERATURE 
PROGRAMMER 

- CONTROLLER-
SILICON CONTROLLED 

RECTIFIER 
3-PHASE 240-V 

I REFRACTORY MATERIALS 
TESTING FURNACE 

( 0 - 1 2 0 0 ' O 

Fig. 21. Schematic of Automatic Con­
t r o l System for Thermal Curing of 
Fu l l - sca le Refractory Test Panels . 
Neg. No. MSD-63821. 

Resonant frequency (cen te r f r e ­
quency 175 kHz) acous t i c -emiss ion 
t ransducers were placed a t two l o c a t i o n s . 
Location 1, near the cen te r of the t e s t 
pane l , was se lec ted to be d i r e c t l y over 
a hanger (same p o s i t i o n as thermocouple 
28) , and l oca t i on 2, was chosen such 
tha t no r e f r a c t o r y would be d i r e c t l y 
below i t . Figure 19 shows the p l a c e ­
ment of these t r a n s d u c e r s . The surface 
near the cen te r of the s t e e l p l a t e was 
est imated to reach a temperature in 
excess of t ha t which the t r ansducer 
could withstand ( i . e . , >200°C). To 
permit da ta to be obtained a t t h i s l o ­
c a t i o n , a quar tz waveguide 32 mm in 
diameter and 64 mm in length was coupled 
to the s t e e l s h e l l using a commerciallv 
a v a i l a b l e h igh- tempera ture couplan t . 
The acous t i c -emiss ion d a t a - a c q u i s i t i o n 
system i s shown in F ig . 22. The 
acous t ic -emiss ion da ta processor was 
se t for a fixed vol tage th reshold of 
1.95 V. The ou tpu t , in t o t a l a c o u s t i c -
emission counts , was recorded on a 
Hewlett-Packard Model 7045A X-Y Re­
corde r . 

schedule 
The refractory was intended to be cured using the following heat-up 
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Fig. 22. Schematic of 
Acoustic-emission Data-
acquisition System. Neg, 
No. MSD-63820. 

A. A 3.76 X 10 s hold at 93-204°C 
B. Heat up at 1.06 x lO'^ °C/s to 538°C 
C. Hold at 538°C for 2.88 x 10^ s 
D. Heat up at 1.06 x 10"^ °c/s to 1093°C 
E. Hold at 1093°C for 1.80 x 10^ s. 

The actual heat-up schedule (using surface thermocouple data) was as follows 
(Fig. 23): 

A. A 5.76 x 10^ s hold between 190 and 220°C 
B. Heat up at 1.28 x 10-2 °C/s to 450°C 
C. Hold for 3.96 x 10^ s at 450°C 
D. Heat up to 930°C at 1.75 x 10"^ °C/s for 

1.08 X 10'̂  s, 5.8 X 10-3 °c/s for 
3.24 X 10'̂  s, and 4.17 x 10"^ °C/s for 
2.16 X 10^ s 

E. Hold at 930°C for 5.04 x 10"̂  s. 

Fig. 23. Time-temperature 
Diagram for Thermo­
couple Positions 10 and 
7 for Curing Cycle. 
Neg. No. MSD-63828. 
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The resultant plot of total acoustic-emission counts versus time is 
shown in Fig. 24 for transducer location 1. Comparing the total counts versus 
time with the temperature of a thermocouple located on the inside of the re­
fractory, e.g., thermocouple 7 (75 mm deep), indicates that the acoustic-
emission total counts track the temperature closely (Fig. 25). This Is ad­
ditionally established by observing total counts versus temperature (Fig. 26). 
Note in Fig. 26 that the total counts increase significantly with increasing 
temperature but the count rate is reduced after holding at temperature. 

Similar results were obtained at acoustic-emission location 2, although 
the absolute value of the total count was somewhat less than at location 1. 
This experiment gives rise to the following question relative to the source 

Fig. 24. Total Acoustic-
emission Counts as a 
Function of Time for 
Acoustic Transducer 
Location 1. Neg. No. 
MSD-63833. 

18 36 54 76 90 108 126 144 162 180 198 216 234 252 270 
5h lOh I5h 20h 25h 30h 35h 40h 45h 50h K h 60h l l h 70h 75? 

TIME t ( I0" 's ) 

Fig. 25. Comparison of 
Time-Temperature Plot 
with Total Counts-
Time Plot. Neg. No. 
MSD-63877. 
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of the emission: are the emissions caused by (a) expansion of the steel plate 
or (b) the difference in the thermal expansion between the refractory and steel 
(which results in rubbing)? In future work, if possible, a unique frequency 
window for the refractory cracking emissions will be determined. The present 
results are promising, however, and future curring will be at a much slower 
temperature rate to determine whether the cracking is less severe. 

Gamma radiographs were taken before and after curing the test panel, 
but the results are still being tabulated and present indications show that 
few cracks were detected. Cores 100 mm in diameter will be obtained from the 
refractory, and tests will be conducted to determine the physical properties 
of the material as well as extent of the cracking that occurred during the 
curing. 

Throughwall temperature distributions were obtained as a function of 
time. The time-temperature distribution for the curing cycle is shown in 
Fig. 27. The surface thermocouple at location 2 reads higher at all times 
than the one at location 1, which Is near the center of the refractory. This 
difference is attributed to the fact that some heating elements near the center 
failed during the cycle, and, thus, the edge wall temperature is slightly 
higher. The thermal conductivity of the refractory is obtained by plotting 
the temperature distribution through the wall for steady-state conditions. 
Figure 28 is a plot of the temperature distribution through the wall at the 
two locations where thermocouples were distributed every 25 mm. Note that the 
throughwall temperature distribution for thermocouples 11-20 is discontinuous. 
This probably results from the thermocouples being shaken loose by the vibrator, 
which was necessary to remove the air from the refractory during casting. 

* 
The slope of the first 180 mm is '\'2,05°C/mm. The slope of the second 

portion is 'v4.8°C/mm. This difference is perhaps attributable to the fact 
that the monolithic refractory layer was actually cast as a two-component 
liner. The first 178 mm were poured with BCAOTAB, which has a thermal conduc­
tivity of 51.7 W/(m - °K), and the top 50 mm were poured with KAOTUFF, which 
has a thermal conductivity of 42.6 W/(m^ - °K). 
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THERMOCOUPLF IDENTIFlCATIONj^ 

Fig. 27. Time-Temperature 
Plots for All Thermo­
couples at the Two 
Throughwall Locations. 
External surface tem­
perature is also shown. 
Neg. No. MSD-63822. 
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Fig. 28. Temperature Dis- ~ 7oo 
tribution through the 
Refractory Wall for ^ 
Steady-state Conditions 2 
(930°C). Neg. No. MSD- | *°°-
63829. 
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Task D — Corrosion Behavior of Materials in Coal-conversion Processes 
(K. Natesan and 0. K. Chopra) 

The objectives of this program are to (1) experimentally evaluate the 
high-temperature corrosion behavior of iron- and nickel-base alloys in gas 
environments with a wide range of oxygen, sulfur, and carbon potentials, 
(2) develop uniaxial tensile data on four selected commercial alloys upon 
exposure to simulated multicomponent gas environments, and (3) develop a sys­
tems approach, based upon available thermodynamic and kinetic information. 
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for evaluating possible corrosion problems in different coal-conversion pro­
cesses. Correlations will be developed that depict the corrosion behavior of 
materials as a function of process conditions, which will enable extrapola­
tions and predictions of long-term performance of specific components. 

To evaluate the corrosion problems anticipated in coal-gasification 
systems, it is necessary to establish the gas compositions as a function of 
temperature and pressure. The reported gas compositions at various locations 
in different processes are analyzed at room temperature by means of a gas 
chromatography technique. Understanding of the corrosion behavior of materials 
upon exposure to complex multicomponent gas environments at elevated tempera­
tures requires a judicious extrapolation of room-temperature composition to 
the temperatures of interest. For this purpose, a computer program based 
upon thermodynamic equilibria between various molecular gas species has been 
developed to characterize an environment that includes CO, CO2, H2, CH4, H2O, 
H2S, and NH3. The analysis is used to examine the gas environment as a func­
tion of temperature and pressure in different pilot-plant coal-gasification 
processes. The results are used to evaluate the stability of phases in 
specific alloys of interest, such as Types 304 and 310 stainless steel, 
Incoloy 800, and Inconel 671, in the process environments. 

1. Coal-gasification Processes 

At present, five gasification processes are under development for con­
version of coal into high Btu pipeline-quality gas. These processes and their 
developers are HYGAS (Institute of Gas Technology), C02-Acceptor (Consolidation 
Coal Company), Synthane (U. S. Bureau of Mines), Agglomerating Ash (Battelle-
Unlon Carbide), and Bi-Gas (Bltimiinous Coal Research, Inc.). In general, the 
combustion gas composition in the different processes depends on the type of 
process and feedstock composition in addition to operating temperature and 
pressure. The gas mixtures usually consist of CO, CO2, H2, H2O, CH4, H2S, and 
NH3. The maximimi operating temperatures and pressures and room-temperature 
compositions of the gas mixtures anticipated^ in different pilot-plant pro­
cesses are listed in Table V. The compositions are based on the use of low-
sulfur coal feedstock. In these processes, the operating pressures are 
almost constant; however, the temperatures vary over a wide range, e.g., the 
peak temperature at the coal burning regions of the gasifier is several hundred 
degrees higher than at the gas exit and primary cyclone regions of the system. 
Therefore, it is essential to establish the variation in the reaction potential 
of different gas species as a function of temperature before an assessment of 
the suitability of an alloy for specific applications can be made. For this 
purpose, the computer program^ was used to evaluate the oxygen, sulfur, and 
carbon potentials as a function of temperature in the range of 800-1400 K for 
the gas environments listed in Table V. 

Figure 29 shows the variation of oxygen partial pressure (P02) ̂ ^ ̂  
function of temperature at the operating pressure for each of the five processes. 
The results indicate the oxygen partial pressure has a maximum variation of 
a factor of '̂ 30 between the Bi-Gas and Battelle-Unlon Carbide processes. 
Figure 30 shows the calculated values for the sulfur partial pressure (PS2) ̂ s 
a function of temperature for the five processes. The results indicate that 
the Pgo values are almost the same in the Battelle-Union Carbide, Synthane, 
and HYGAS processes; however, the values for the Bi-Gas and C02-Acceptor 
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TABLE V. Estimated Gas Compositions (vol%) and Temperature and Pressure Conditions in 
Various Coal-gasification Processes with Low-sulfur Coal Feedstock^ 

to 
CO 

Parameters HYGAS 

«2 

CO 

CO2 

CH, 4 

H2O 

H2S 

NH3 

Pressure, psl 
(atm) 

Temperature, "C 
CF) 

17 

21 

21 

15 

25 

0.1 

1 

1200 
(80) 

955 
(1750) 

C02-
Acceptor 

Synthane Battelle-
Unlon Carbide 

From Ref. 3; conversion factor: 1 atm 

52 

11 

6 

3 

28 

0.03 

1 

300 
(20) 

870 
(1600) 

: 1 atm = 

19 

9 

21 

12 

36 

0.1 

1 

1000 
(70) 

982 
(1800) 

0.101356 MPa 

49 

26 

5 

6 

14 

0.3 

1 

100 
(7) 

982 
(1800) 

Bi-Gas 

15 

12 

13 

7 

52 

0.5 

1 

1000 
(70) 

927 
(1700) 



Fig. 29. Variation of Oxygen Partial 
Pressure as a Function of Tempera­
ture Calculated for Different Coal-
gasification Processes. Conver­
sion factor: 1 atm = 0.101356 MPa. 
Neg. No. ANL-306-76-179. 
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Fig. 30. Variation of Sulfur Partial 
Pressure as a Function of Tempera­
ture Calculated for Different 
Coal-gasification Processes. Con­
version factor: 1 atm = 0.101356 
MPa. Neg. No. ANL-306-76-180. 
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processes are factors of '\'30 higher and lower, respectively. Figure 31 shows 
the calculated values for the carbon activity as a function of temperature for 
the five processes. The results indicate that in all the processes, the 
carbon activity values increase rapidly as the temperature decreases from 1400 
to 1000 K. To lend perspective to this diagram, one can consider Type 304 
stainless steel, which, upon exposure to the C02-Acceptor process environment, 
will undergo negligible carburization at 1400 K but will carburize to 'vl.5 wt% 
carbon at 1100 K, on the basis of the available carbon activity-concentration 
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Fig. 31. Variation of Carbon Ac­
tivity as a Function of Tempera­
ture Calculated for Different 
Coal-gasification Processes. Con­
version factor: 1 atm = 0.101356 
MPa. Neg. No. ANL-306-76-181. 
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data for the steel.5 Under these conditions, the loss in mechanical P^°P^ 
ties of the material, and, in general, for all iron-base alloys, is ^ P ° " 
tial problem. It is evident from Figs. 29-31 that the P'^o"^^^^"" ^^^.^ 
wide variation in gas composition, and therefore, materials Performance Jn 
the different processes is not expected to be the same, even for identical 
conditions of temperature and pressure. 

2, Alloy Behavior in Process Environments 

The principal alloys used in the elevated-temperature regions of the 
gasifiers are iron and nickel base with chromium as a major constituent 
The oxlLtion data for Fe-Cr and Ni-Cr alloys show that chromium oxide will be 
thermodynamically stable even at low chromium concentrations in the alloy, 
however; a large chromium content in the alloy is required for the oxidation 
process to change from internal oxidation to formation of an external pro­
tective layer. The chromium concentration required for external scale forma­
tion is a function of temperature and oxygen potential in the environment, and 
these functional relationships are yet to be established. It has been re­
ported that 20-25 wt% chromium in Ni-Cr alloys is necessary for satisfactory 
oxidation resistance at 900°C and 0.1 atm oxygen pressure.«> Furthermore, in 
the presence of a sulfidizlng environment, the alloy behavior is strongly de­
pendent on the relative amounts of chromium oxide and chromium sulfides pre­
sent in the material. Since the sulfide layers are not protective in nature 
and have growth rates that are orders of magnitude larger than the oxide 
layers, the corrosion rates of these alloys may become prohibitively large. 
In the present report, we examine the stability of different phases in Type 
304 stainless steel, Incoloy 800, and Inconel 671 with the use of thermo­
chemical diagrams (plots of log Po2 versus log PS2) that were developed from the 
available thermodynamic data^"10 for various oxide, sulfide, and carbide 
phases. The thermodynamic information for the Cr-S binary system is only 
available at 700°C.ll As a result, some uncertainty is associated with the 
stability regions of different chromium sulfides. Also, the chromium oxide-
chromium sulfide phase boundary is not well established over a wide range of 
temperatures. The chemical composition of the alloys used in the present study 
is listed in Table VI. 

TABLE VI. Chemical Composition (wt%) of Alloys Used in Present Work 

Alloy 

Type 304 SS 

Incoloy 800^ 

Inconel 671^ 

Type 310 SS^ 

U.S. Steel 
Alloyt* 

Fe 

Bal^ 

46.0 

-

Bal^ 

Bal^ 

Cr 

19 

21 

48 

25 

18.5 

Ni 

10 

32.5 

50 

20 

17.8 

C 

0.06 

0.05 

0.05 

0.25 

0.06 

S 

-

0.008 

-

-

0.011 

Mn 

1.5 

0.75 

-

1.5 

1.25 

Si 

0.4 

0.35 

-

0.4 

2.05 

Other 

-

0.38 Al, 0.38 Tl 

0.35 Ti 

-

-

Bal indicates balance. 

Will be preexposed to gas mixtures and subsequently tested in uniaxial tension. 

30 



Figures 32-34 show the oxygen-sulfur thermochemical diagrams for Type 
304 stainless steel, Incoloy 800, and Inconel 671, respectively, at tempera­
tures of 1000, 1200, and 1400 K. Also shown in these figures are the oxygen 
and sulfur partial pressures calculated from the gas environments listed in 
Table V for the different processes. The open symbols in these figures cor­
respond to a total of 1 atm, and the closed sjrmbols correspond to the design 
pressures for the processes. Note that the effect of total pressure on the 
gas composition decreases with an increase in temperature and becomes almost 
negligible at 1400 K. The effect of an increase in the sulfur concentration 
of the coal feedstock (Appalachian coal rather than Western coals) is a shift 
in the process gas composition in the direction of increasing Ps2* 

Figures 32-34 show that all three alloys are prone to sulfidation at 
1000 K upon exposure to the process gas environments. An increase in the 
chromium content of the alloy (from 10 wt% in Type 304 stainless steel to 
48 wt% in Inconel 671) enlarges the stability region of chromium oxide; how­
ever, chromium sulfide formation in the subscale is unavoidable. Another 
important feature of the diagrams Is that as the nickel content of the alloy 
increases (from 9 wt% in Type 304 stainless steel to 50 wt% in Inconel 671), 
the formation of nickel sulfide becomes a distinct possibility. The nickel 
sulfide, if formed, will be liquid at this temperature and can lead to en­
hanced corrosion rates for high-nickel alloys. As the temperature increases 
from 1000 to 1400 K, the gas environment becomes less sulfidizlng and the 
alloys will form an external oxide scale with some sulfides in the subscale. 
The analysis shows that, even though an increase in chromium content of the 
alloy is beneficial for application in coal-gasification processes, the nickel 
content will limit the alloy performance. The results indicate that an Fe-
Cr-Ni alloy with approximately equal amounts of iron, chromium, and nickel 
will be more corrosion resistant than either high-iron or high-nickel alloys. 

3. Experimental Program 

The oxygen-sulfur thermochemical diagrams are used as a basis in the 
selection of complex gas environments for the experimental program. Since 
the complimentary corrosion program^^ at the Illinois Institute of Technology 
Research Institute involves an evaluation of materials upon exposure at fixed 
oxygen and carbon potentials, our program will investigate the materials be­
havior under conditions of different oxygen and carbon potentials at a fixed 
sulfur activity. The sulfur partial pressures in different experiments will 
range between 10"^^ and 10"^ atm. For this purpose, H2-H2S and C0-C02-CH^ gas 
mixtures were procured and the desired carbon, oxygen, and sulfur potentials 
were established by adjusting the relative flow rates of the gas mixtures. 
The details of the experiments and some of the results from this phase of the 
program were presented in an earlier report.•'-

The second phase of the experimental program Involves generation of 
uniaxial tensile data on four selected alloys upon exposure to the multi-
component gas environments. The composition of these alloys is listed in 
Table VI. The alloys have chromium and nickel in the range of 19-48 wt% and 
18-50 wt%, respectively. The experimental parameters such as gas composition, 
temperature, and pressure are listed in Table VII. The basic gas mixtures 
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TABLE VII. Experimental Parameters Proposed for Preexposure of Mechanical Test 
Specimens. 

A. Gas Environment 

Basic 
Mixture 

Addition 

r 

L 

-

B. Test Temp 

C. Test Pres 

Gas Species 

CO 

CO2 

H2 

H2O 

H2S 

CH4 

N2 

eratures: 

sure: 1 

Compos 

Mixture 

13.0 

17.2 

14.4 

54.5 

1.0 

10 or 30 

0 or 50 

1500, 1800, 

atm 

1 

and 

ition (vol% 

Mixture 2 

19.4 

12.9 

25.8 

41.9 

1.0 

10 or 30 

0 or 50 

2000°F (816 

at room temperature) 

Mixture 3 

44.0 

0.5 

48.2 

6.3 

1.0 

10 or 30 

0 or 50 

, 982, and 1093 

Modified 
Mixture 3 

28.9 

16.5 

28.9 

24.7 

1.0 

10 or 30 

0 or 50 

"O 

include CO, CO2, H2, H2O, and H2S. The additions to the basic mixtures are 
CH4 and N2. The test temperatures are 1500, 1800, and 2000°F (816, 982, and 
1093°C). The tests at Argonne National Laboratory will be conducted at 1 atm, 
and the Battelle program will involve pressures of 34, 68, and 102 atm. 

Table VIII lists the oxygen, sulfur, and carbon potentials calculated 
using the computer program under different proposed experimental conditions. 
The results show that the effect of increasing the methane content of the gas 
mixture is to decrease the oxygen and sulfur potentials and Increase the 
carbon activity. The effect of increasing the total pressure of the system is 
to increase the carbon, oxygen, and sulfur potentials. The increase in carbon 
activity is much more pronounced when going from 1 to 34 atm than at higher 
pressures. It appears that proposed gas mixture 3 is not best suited for the 
experimental program because this mixture yields oxygen and sulfur potentials 
essentially the same as the others but the carbon potential is extremely 
large and can lead to a significant carbon deposit. As a result, an alternate 
gas mixture has been selected, which is also listed in Table VII. The oxygen, 
carbon, and sulfur potentials that will be established by this gas mixture 
are being calculated as a function of temperature and pressure. 

The thermodynamic stability of different phases that will form in 
materials upon exposure to the gas mixtures listed in Table VII was also 
evaluated using the computer program. The results are presented in Figs. 35 
and 36 as log P02 versus log Pg2 thermochemical diagrams for U. S. Steel 
18-18-2 alloy and Inconel 671 at 1089 and 1366 K, respectively. These two 

35 



TABLE VIII. Calculated Oxygen, Sulfur, and Carbon Potentials for Gas Mixtures 1 and 2 in Table VII^ 

Mixture 1 atm (14.7 psi) 

No. CH4, ^02' 
atm 

^S2' 
atm 

34 atm (500 psi) 

^02' 
atm 

^S2' 
atm 

102 atm (1500 psi) 

PO2. 
atm 

^S2' 
atm 

1500°F (816°C) 

1 10 7.99x10""'"̂  1.21x10"^ 

30 

10 

30 

70 —R 
2.51x10 1.70x10 

-19 -8 
2.67x10 3.17x10 

0.021 

0.199 

0.047 

1.82x10 
-18 

2.32x10 -7 

4.41x10 •'•̂  7.88x10 ̂  

1.05x10 

3.47x10 

-18 

-19 
2.18x10 

8.30x10 

-7 

-8 

0.357 

0 .922 

0 .544 

1.0 

4,75x10 

1.59x10 

3.14x10 

1.31x10 

-18 

-18 

-18 

-18 

5.24x10 

2.08x10 

5.38x10 

2.18x10 

-7 

-7 

-7 

-7 

0.463 

0.959 

0.651 

1.0 

u o 

1800°F (982°C) 

10 

30 

10 

30 

1.48x10 -"-̂  1.95x10"^ 0.003 

4.32xl0"-'''̂  2.41x10"^ 0.026 

4.95x10""""̂  1.26x10"^ 0.006 

1.59x10 """̂  2.07x10"^ 

1.14x10 -16 3,68x10 -7 

6.03x10 -16 1.45x10 
-6 

5.46x10 ̂ ^ 3.80xl0~^ 

0.093 

0.485 

0.185 

0.733 

2.24x10 -15 2.73x10 -6 

3.82xl0~-'-̂  7.35x10"'' 

1.12x10 

2.43x10 

-15 

-16 
2.28x10 

8.03x10 

-6 

-7 

0.214 

0.648 

0.355 

0.846 

2000°F (1093°C) 

10 

30 

10 

30 

8.11x10 -"-̂  8.54x10"^ 

2.29x10 -15 1.00x10 
-6 

2.69x10 ^^ 5.41x10"^ 

0.001 

0.009 

0.002 

8.21x10 

3.12x10 

2.79x10 

9.38x10 

-14 

-15 

-14 

-16 

8.68x10 

1,13x10 

5.58x10' 

1.07x10 

-6 

-6 

-6 

0.034 

0.245 

0.071 

0.471 

8.97x10 

7.20x10 

-14 

-15 

3.49x10 -14 

3.72x10 -15 

9,32x10 

1,69x10 

-6 

-6 

6.54x10 

1.76x10 

-6 

-6 

0. 

0. 

0, 

0 

095 

,437 

.182 

.633 

ap = carbon activity based upon graphite standard state. 
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alloys were chosen for evaluation of the effect of chromium content. J^^ ex 
pected phases in these two alloys under the different experimental conditions 
proposed are listed in Table IX. The calculations show that the selected gas 
mixtures will result in a predominantly chromium-rich oxide scale with chromium 
sulfide and in some Instances iron sulfide in the subscale. Furthermore, for 
matlon of liquid nickel sulfide Is a distinct possiblity in Inconel 671, ex 
peclally at low temperatures. The results also indicate that the system pres­
sure has little effect on the type of phases formed but can have an influence 
on the amount of different phases and the locations (external scale or internal 
subscale) at which these phases are formed. 

The construction of a corrosion test rig that will be used for ex­
posure of mechanical test specimens is completed. A schematic of the rig and 
details of the apparatus were reported earlier.1-^ Preliminary corrosion 
experiments were conducted in this apparatus by exposure of the four selected 
alloys for 25 h in an environment that included CO, CO2, CH4, H2, H2O, and 
H2S at 816°C. The composition of the gas mixture and the oxygen, sulfur, and 
carbon potentials established in the experiment are listed in Table X. 

Using optical metallography, the samples were examined after exposure 
to the gas environment, and the phases present were identified using a 
scanning-electron microscope equipped with an energy-dispersive x-ray analyzer. 
Figures 37-40 show the optical micrographs of the cross sections of specimens 
of U. S. Steel 18-18-2 alloy, Type 310 stainless steel, Incoloy 800, and 
Inconel 671, respectively. The scale regions in all four alloys were iden­
tified as chromium-rich oxide phase. The alloys also showed pronounced inter­
nal oxidation and some internal sulfidation. In advance of these fronts, 
carburization was observed. 

Figures 41-43 are x-ray photographs that show the specimen image, 
metallic element (chromium, nickel, and iron) distribution, and sulfur dis­
tribution in the scale/alloy interface regions of the samples Incoloy 800, 
Type 310 stainless steel, and Inconel 671, respectively. The photographs 
clearly indicate the absence of sulfur in the scale region, which confirms 
the presence of a chromium-rich oxide phase in these layers. The results in 
Figs. 41-43 also show that the dark particles in the interior of the alloy 
specimens are sulfides of chromium, which indicates the occurrence of internal 
sulfidation in these alloys upon exposure to the gas environment. Additional 
experiments are being conducted to establish the stability of the oxide 
layers in these alloys as a function of gas composition and temperature, sub­
sequent to which mechanical test specimens of these materials will be exposed 
to the selected environments. 

Task E — Erosion Behavior of Materials in Coal-conversion Processes 
(V. J. Shack) ~ 

During this quarter a critical review of the available analytical 
models for erosion behavior was conducted. It is helpful to divide the 
available models into two classes: (1) those that are interpretative, i.e., 
models which can be used to extrapolate limited experimental data but contain 
parameters that can be determined only by actual erosion tests, and (2) those 
that are predictive, i.e., models which predict erosion rates on the basis 
of mechanical properties determined in simpler tests (e.g., uniaxial tension 
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TABLE IX. Phases Expected under Different Experimental Conditions Proposed 

Gas Mixture 

Number CH4, 
% 

U. S. Steel Alloy 

1 

2 

3 

1 

2 

3 

10 

10 

10 

10 

10 

10 

Temperature, 

1500 

1500 

1500 

2000 

2000 

2000 

1 atm 

Cr203, CrS, FeS 

Cr^O^, CrS, FeS 

Cr203, CrS, FeS 

Cr203, CrS, FeS 

Expected Phases 

102 atm 

Cr203, CrS, FeS, ̂ 6304, Carbides^ 

Cr203, CrS, FeS, Fe30^, Carbides 

Cr203, CrS, FeS, ^^^^^^^0, Carbon Deposit 

Cr203, CrS, FeS 

Cr203, CrS, FeS 

Inconel 671 

1 10 

2 

3 

1 

2 

3 

10 

10 

10 

10 

10 

1500 

1500 

1500 

2000 

2000 

2000 

Cr203, CrS, Liquid 
Nl Sulfide, Carbides 

Cr203, CrS, Liquid 
Ni Sulfide, Carbides 

Cr203, CrS 

Cr203, CrS 

Cr203, CrS, Liquid Nt Sulfide, Carbides 

Cr203. Cr5, Liquid Nl Sulfide, Carbides 

Cr203, CrS, Liquid Nl Sulfide, Carbon 
Deposit 

Cr203, CrS, Carbides 

Cr203, CrS, Carbides 

^Type of carbides depends on the kinetics of the carbide reactions. 



TABLE X. Gas Composition and Oxygen, Sulfur, and 
Carbon Potentials Established in the 
Preliminary Corrosion Experiment 

Gas Species Vol% 

CO 

CO2 

CH4 

«2 
H2O 

H2S 

34.1 

14.9 

5.3 

21.3 

24.0 

0.37 
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Fig. 37. Optical Micrograph of 
U. S. Steel 18-18-2 Alloy 
after a 25-h Exposure at 
816°C (1500''F) to the Gas 
Environment Listed in Table 
X. Neg. No. MSD-63761. 
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Fig, 38. Optical Micrograph of Type 310 Stainless 
Steel after a 25-h Exposure at 816°C (1500°F) 
to the Gas Environment Listed in Table X, Neg. 
No. MSD-63763. 

( Cr, Fe ) Carbide 

Cr Oxide 

Internal Oxidation 

Fig. 39. Optical Micrograph of Incoloy 800 after 
a 25-h Exposure at 816°C (1500°F) to the Gas 
Environment Listed in Table X. Neg. No. MSD-
MSD-63762. 



4>-

Cr(3xrai 

Fig. 40. Optical Micrograph of Inconel 671 
after a 25-h Exposure at 816°C (1500°F) 
to the Gas Environment Listed in Table X. 
Neg. No. MSD-63765. 

Fig. 41. X-ray Photograph and Cr, Ni, Fe, and S Distribu­
tion in Incoloy 800 Specimen Shown in Fig. 39. In the 
distribution pictures, the light region indicates a 
high concentration of the respective elements. Neg. No. 
MSD-63760. 



Fig. 42. X-ray Photograph and Cr and S Distribution in Type 
310 Stainless Steel Specimen Shown in Fig. 38. In the dis­
tribution pictures, the light region indicates a high con­
centration of the respective elements. Neg. No. MSD-63764. 

Fig. 43, X-ray Photograph and Cr and Ni Distribution in 
Inconel 671 Specimen Shown in Fig, 40, In the distribution 
pictures, the light region indicates a high concentration 
of the respective elements. Neg. No. MSD-63759. 
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tests). Among the predictive models are those of Flnnie,-^^ Mamoun, ' g |^° 
Jennings et al.l^ Among the Interpretative models are those of Bitter 
and Neilson and Gilchrist.20 Although interpretative models are useful, 
erosion tests are expensive and time consuming, and predictive models that can 
at least give rough estimates of erosion behavior are highly desirable. 

The model developed by Flnnie,^^ which assumes that erosive wear Is 
due to mechanical cutting by the impacting particles, predicts no erosion at 
all for 90° Impact angles. To remedy this deficiency, Mamoun developed a 
model which assumes that wear at high angles of impact is due to plastic 
fatigue and failure of a surface layer. Before reviewing the basic assump­
tions and results of the latter model, it should be noted that the mechanism 
of failure at high angles of Impact is still not well understood, even in a 
qualitative manner. In Ref. 14, Finnie briefly summarizes the proposed 
mechanisms and reviews the (limited) evidence available. 

Three basic relations are required for an estimate of the erosion 
rate: (1) the volume of material which undergoes large plastic deformations 
as a function of, for example, particle mass and velocity, (2) the magnitude 
of the plastic strains involved as a function of the impact parameters, and 
(3) a relation between the number of impacts to failure and the magnitude of 
the plastic strain/impact. 

To find the volxmie of material that undergoes large plastic deforma­
tions, Mamoun-*-̂ »•'-" uses the analysis of Andrews,^1 The geometry of impact is 
shown schematically in Fig. 44, where L is the depth of penetration of the 
particle into the surface and a is the radius of the projected area of contact 
between the particle and the surface. Andrews^-^ shows that 

• 2 1/2 mV^ .̂ . 

where m, R, and V are the mass, radius, and velocity, respectively, of the 
impacting particle and Y is the yield stress of the surface. The derivation 
of the pressure between the particle and surface is ;̂ 3Y and is uniform over 
the area of contact. More sophisticated analyses and experiments show that 
the assumptions are quite reasonable. The work done is equal to the intial 
kinetic energy of the particle 

FL = (iTa^)(3Y)L = 1/2 mV^, (2) 

where F is the total contact force. 

Fig, 44. Geometry of Impact. Neg. No MSD-
63816. 
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From the geometry of Fig. 44 it is clear that 

a^ = 2RL - L^ 2i 2RL, (3) 

since L « R. Combining Eqs, 2 and 3 yields Eq, 1. Mamoun estimates the 
volume Vp of the region that undergoes severe plastic deformation as 

2 2 
V 2i •̂ a L ;}̂  2irRL . (4) 

The plastic strain in this region can be expressed by the empirical 
formula 

P 

or 

^-:^ 0.2(f), (5) 

22 
using Eq. 3, Equation 5, from Tabor, is based on experimental measurements 
of the plastic strain distributions under a hard indentor. 

On the basis of considerable experimental data for a wide variety of 
structural alloys, Manson and Hlrschberg23 have proposed that for low-cycle 
fatigue the fatigue life Nf can be related to the plastic strain range Ae-
by the equation 

Ae ' 

•^l-\-^l . (7) 

where k and I are material constants. For most structural materials k 2i -0,5. 

In the erosion case, Nj can be Interpreted as the number of collisions 
required to Impact the same site and cause the plastically deformed volume of 
material surrounding that site to fall. Thus, using Eq. 4 we find that the 
volume loss Q for a single impact is 

Q - / - ̂  . (8) 

^f ^f 

Eliminating N, and using Eqs. 6 and 7 yields 

Q '. I^/^ R(2k+l)/2k j^(4k-l)/2k^ (5) 

where the proportionality constant depends only on k. Substituting Eq. 1 into 
Eq, 9 finally gives the desired relation between the erosion rate Q and the 
dynamics of the impacting particle: 

. v(4k-l)/4k 

Q . Î /̂  R̂ /̂ '̂  P ^ ) , (10) 
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where again the constant of proportionality depends only on k. Erosion data 
are usually reported in dimensionless terms as the ratio W* of the mass ot 
material removed to the mass of the impacting particles. From Eq, 10 

4k-l 4k-l 

W* m p X 1/ 

where p is the density of the material, Pp is the density of the particle, 
and the constant of proportionality a(k) depends only on k. Since k 1̂ "0• 5 
in most cases, it is consistent with the order of the approximations involved 
to assume a constant value for oi(k) of a(-0.5), in which case 

l-4k 4k-1 

W* = 2 . 5 X 1 0 - ^ I ^ / S / / ' ' ^ Y 2 ^ V ^ ^ . (12) 

Some physical Insight into the behavior predicted by Eq. 12 can be 
obtained by noting that I 'v- ef, where ef is the strain to failure in uniaxial 
tension, and k ̂ i 0.5; then 

W* '̂> (1/e^)^ (1/Y)^^^ V^. (13) 

Equation 13 indicates that an interaction exists between hardness (i.e., Y) 
and ductility (i.e., ef). The model developed by Mamoun"'-"' predicts a stronger 
dependence on velocity ('V'V-') than the models presented in Refs. 14, 17, and 
18. 

When attempting to assess the validity of the assumptions used in the 
development of Eq. 10, it is useful to examine the order of magnitude of the 
plastic deformation involved in a typical particle Impact. For a 50-iJm AI2O3 
particle with a velocity of 30 m/s impacting onto a Type 304 stainless steel 
surface, Eqs. 1 and 2 provide estimates of the plastic-zone dimensions: 
L ̂  1 ym and a. "^^1 ym; for a 500-ym particle at the same speed the plastic-
zone size is still small: L ̂  10 ym and a ̂ i 70 ym. Since grain sizes for a 
Type 304 stainless steel surface are of the order of 50 ym, the plastic-zone 
size associated with impact occurs on a scale comparable to the grain size at 
these relatively low speeds for small particles. However, Eqs. 1 and 5 are 
based upon plasticity theories developed to describe the bulk behavior of 
polycrystalline materials. Similarly, the fatigue damage law, Eq. 7, was 
developed to describe the behavior of materials in macroscopic bending and 
torsion experiments. Thus, it is difficult to justify, a priori, the applica­
tion of these results to describe behavior on a scale comparable to the grain 
size. 

Despite this caveat, the crucial test of Eq. 12 is how well it pre­
dicts actual erosion behavior. Most of the erosion data in the literature are 
for much higher speeds (100-400 m/s) than are of Interest in coal gasifica­
tion, and at these higher speeds different mechanisms of material removal may 
be acting. Table XI summarizes the velocity dependence observed in the litera­
ture for high-speed erosion tests. 

46 



TABLE XI, Particle Velocity Dependence (V") for High-velocity Erosive Wear 

Test Type 
Impact 

Angle, deg Reference 

Air Blast, 60-mesh 
SIC Grit on Steel, 
Cu, Al 

Air Blast, 180-mesh 
SiC Grit on Steel 

20 

20 

2,4 

2,4-2,7 

24 

24 

Air Blast, SiC >100 
ym on Steel, Cu, Al 

Air Blast, SIC Grit 
on Al, Cu, Steel 

Whirling Arm, Quartz 
Grit >125 ym on 11% 
Cr-Steel 

30 

20 

90 

3.0 

2,9 

2,3 

24 

25 

26 

Single Particle, 
2.3-mm Steel Shot 
on Aluminum Alloy 

Single Particle, 
9.5-mm Steel Shot 
on Mild Steel 

Air Blast, 0,8-iran 
Cast Iron Shot on 
Steel 

20 
90 

30 

30 
90 

2,8 
2,2 

2.9 

2.9 
2,1 

27 

28 

29 

In the two cases (Refs. 27 and 29) for which direct comparisons 
between low- and high-angle Impacts are available the agreement is superior at 
low angles. Note, however, that at a 20° impingement angle the normal com­
ponent of velocity ('̂40 m/s) is more typical of the speeds encountered in 
coal-gasification systems. Thus, the available data for high-velocity erosive 
wear at least suggests that in the range of normal velocities encountered in 
coal-gasification systems the velocity dependence predicted by the model is 
quite reasonable, 

A more direct comparison of the theory!^ with experiment Is possible 
using data generated by the National Bureau of Standards (NBS),^" Their 
experiments were conducted with 90° impingement angles and at the lower speeds 
characteristic of coal-gasification systems. The NBS studies on a number of 
alloys indicate that at room temperature erosion is proportional to velocity 
in the range of v2-5 to V^, which is in agreement with the velocity dependence 
predicted by the theory. Experimental data^^ on erosive wear of Type 310 
stainless steel at room temperature by 150-ym (100 mesh) SIC particles are 
shown in Fig, 45 along with the corresponding theoretical curve obtained from 
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Fig. 45. Erosive Wear as a 
Function of Velocity for 
Type 310 Stainless Steel. 
Neg. No. MSD-63815. 

Eq. 12. The NBS data on the erosion of Type 
304 stainless steel at room temperature by 
AI2O3 particles are presented in Fig- 46 with 
the corresponding curve from Eq. 12. When 
computing the theorectical results, the 
proper value for yield stress is the satura­
tion value of the cyclic-hardening stress; in 
the calculations provided in the present re­
port, this value has been approximated as 
0.75auLT' where ouLT Is the ultimate tensile 
strength at the appropriate temperature. 

The agreement with the available data 
at room temperature is good. Equation 12 In­
dicates that the relative erosion rate is In­
dependent of particle size. This is consis­
tent with experimental observations for par­
ticles over 100 ym;^^ however, a particle-
size effect has been observed for smaller 
particles!^ and is evident from the NBS data 
on Type 304 stainless steel. Fortunately, 
wear rates decrease with particle size for the 
smaller particles. The reasons for this size 
effect are not clear. It may be a physical 
size effect in that impacted regions below a 
certain size show an increase in yield 
strength. 

The agreement at higher temperatures is not satisfactory. In 
general, the model predicts that erosion rates Increase with increasing 
temperature. The data from NBS-̂ *̂  Indicate that this is not necessarily the 
case. Studies on a number of alloys show that, for small, 5-ym, AI2O3 par­
ticles at V = 30 m/s, erosion rates decreased as the temperature was in­
creased from 25 to 500*C; for the larger, 50-ym, AI2O3 particles, the erosion 
rates in general increased with temperature, but not in all cases. Since the 
tests were conducted at a 45° impingement angle, a quantitative comparison 
cannot be made between theory and experiment. 

The discrepancy is apparently due to oxide formation on the surface. 
After testing specimens at 500°C for 2 min, the NBS^O observed film thick­
nesses that ranged from 0.5 to 2 ym, depending on the alloy. This oxide film 
offers considerable protection, at least from small particles. Additional 
tests are required to determine whether the theory is adequate for larger 
particles, where the oxide film is relatively less effective. 

Task F — Component Performance and Failure Analysis (S. Danyluk, 
M. D. Gorman, W. J. Shack, and W. A. Ellingson) 

y. Dragel, 

The activity during this quarter involved examination of failed com­
ponents from the Synthane pilot plant (weld-neck flange and ball-valve stem) 
HYGAS pilot plant [N2 purge line (322 line) and thermocouple protection tube] 
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and Grand Forks Energy Research Center 
(GFERC) (gate valve). A final report 
of the results from the investigation 
of the weld-neck flange has been issued, 
and a final report of the ball-valve 
stem failure is in preparation. The 
results from the investigations of the 
other components have been communicated 
to HYGAS and GFERC personnel, and final 
reports will be issued in the coming 
quarter. A summary of these analyses 
is presented below. Also, a final 
report, "Analysis of the HYGAS Ash Ag-
glomerting Gasifier Internal Cyclone 
Dipleg Failure," has been Issued 
(December 1976). This failure was de­
scribed in a previous quarterly 
report.-'•'• Work is continuing on failure 
analysis of components from the HYGAS 
pilot plant, Morgantown Energy Research 
Center, and GFERC. 

1. Synthane Weld-neck Flange 

10 100 
VELOCITY ( m / t ) 

Fig. 46. Erosive Wear as a Function 
of Velocity for Type 304 Stain­
less Steel. Neg. No. MSD-63814. 

MPa steam and 399°C. 

The Synthane high Btu coal-
conversion pilot plant was shut down 
after the discovery of a leaking crack 
in a Type 304 stainless steel weld-
neck flange that is part of a preheat 
line of the gasifier. The flange was 
exposed to 'V'2.9 Ms of operation at 4.3 

Several nonleaklng Intergranular cracks were also found 

at the Inside dlamter (ID) surface of the weld neck. The cracks are believed 
to be due to Intergranular stress corrosion and the effects of aqueous chlor­
ides; the chlorides were present in city water that was used to backfill the 
loop seal. One crack had penetrated through to the outside diameter (OD). 
The cracks may have initiated in the heat-affected zone associated with the 
butt weld between the weld-neck flange and preheat piping. This hypothesis 
was not verified, however, since the weld was not available for analysis. 
The piping system in which this failure occurred is used to carry oxygen and 
steam and Is subjected to flue gas during start-up of the gasifier. An iso­
metric drawing of the preheat piping is shown In Fig, 47, The water-loop seal, 
steam and O2 inlet, and distributor cone are also shown. Butt welds are in­
dicated by dots, and the weld-neck flange (A) that had developed cracks is 
near the top of the figure. 

Samples of the cracked regions were prepared for metallographlc 
analysis. Figure 48 shows an isometric drawing and photograph of the weld-
neck flange. Metallography revealed precipitates at the grain boundaries and 
the occurrence of slip and precipitation on slip planes. This Indicated that 
plastic deformation in excess of that expected under normal operating con­
ditions had occurred and the examined region of the weld-neck flange had been 
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Rupture Disk Assembly 

CO2 Purge— 38-66°C, 
4.3 MPa— on during 
operation only. 

Water Filled 
Loop Seal 
(D.I. Water). 

TE-268 Thermocouples 
(Actual location is 
above nozzle 13) 

Block Valve 

Bad Flange 

Check Valve 

Expansion Joint 

Flue gas, 50Z 
Excess Air, 
538-593°C. 0.07 
MPa during startup 
Produced from No. 2 
Fuel Oil— S = 
0.2-0.4%. 

Steam at ^.3 
Mpa and 399°C 
with 13 wt Z 
pure O2 during 
operation 

Internal Head 

Fig, 47, Isometric Drawing of the Preheat Line. The cracked flange 
"A" is shown at the top center. The distributor cone is shown at 
the lower left. Butt welds are indicated by dots. Neg. No. MSD-
63862. 
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cold worked prior to a heat treatment. 
Radiography failed to reveal any cracks in 
the weld-neck region. Dye penetrant was 
used successfully to pinpoint one leaking 
crack on the OD and record the extent of 
two additional cracks on the ID surface. 

The cracked Type 304 stainless 
steel weld-neck flange was replaced by 
Synthane-Lummus personnel, and the loop 
seal has been filled with deionlzed water. 
It was recommended that the preheat 
piping system be replaced, but, if this is 
not practical, close monitoring for addi­
tional cracks (by visual inspection) should 
be continued. If additional problems are 
encountered with the replaced weld-neck 
flanges, the weld and heat-affected zone 
should be preserved for analysis. Spot-
check Formula B Penetrant should not be 
used in the field since it contains chlor­
ides, Zyglo dye penetrant is recommended. 

2. Synthane EBV Ball-valve Stem 
Failure 

A ball valve (Type 440C stainless 
steel) at the exit port of the pressurized 
feed hopper (Fig. 49) in the Synthane 
pilot plant failed by separation of the 
valve stem from the valve body. The fail­
ure was mechanical in nature and was due 
to surface defects that increased the 
stresses at the junction between the valve 
shoulder and stem. The radius of curvature 
between these components significantly in­
creased the stresses. Figure 50 shows the 
ball valve, fractured valve stem, and top 
and bottom ball-valve seats. The ball 
valve in this figure was oriented to be in 
the open position. A crack initiated and 
propagated until '\'15% of the cross-
failure was completed by brittle fracture 
moment. Calculations showed that the 

motor drive used to operate the valve could not have sheared the stem if the 

surface defects were not present. 

Fig. 48. Isometric Drawing and 
Photograph of the Weld-neck 
Flange. The three cracks ex­
amined are Indicated. Neg. No. 
MSD-63861. 

sectional area was traversed. The 
in a shear mode with some bending 

Analysis by SEM showed that silicon-, calcium-, and titanium-rich 
precipitates are wedged in the surface oxide at the fracture surface. It is 
not known how these precipitates participated in the fracture mechanism. 
Strlations oriented along the longitudinal axis were observed on the polished 
face of the valve stem. These strlations were filled with precipitates that 
are rich in chromium and iron. 

51 



Ln 
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BALL-VALVE SURFACE 
IN CONTACT WITH 
PULVERIZED COAL 

Fig. 50. Ball Valve, 
Fractured Valve Stem, 
and Top and Bottom 
Ball-valve Seats. Neg. 
No. MSD-63859. 

Pitting was observed on surfaces that were in contact with the coal 
feed. This pitting is believed to be chemical in nature and is not related to 
the failure. 

It was recommended that a more careful quality control of the surface 
finish and preparation should be initiated to minimize crack initiation due 
to surface flaws. A beveled interface between the valve stem and body would 
reduce the stress concentration and the possiblity of crack initiation. 

3. HYGAS N2 Purge Line (322 Line) 

A nitrogen purge line (Type 316 stainless steel) from the 322 line of 
the HYGAS pilot plant fractured in a brittle manner along the grain boundaries. 
This purge line transports process gas in the bottom zone (steam-oxygen) of the 
gasifier. 

The grain boundaries were found to be embrittled by chrome sulfides, 
and three distinct layered phases, rich in sulfur, lined the ID surface of the 
tube that had been exposed to the bottom zone ('̂ 7̂60-870°C). Also, significant 
amounts of silicon were located at the grain boundaries. Wet chemical methods 
have shown that the innermost phase at the ID contains 'V'1-2 wt% sulfur. This 
result is quite surprising since the OD of the tube does not contain such a 
large quantity of sulfur. At present, the point in the process at which the 
sulfur may have entered the tube is not known, 

4, HYGAS Thermocouple Protection Tube Failure 

A thermocouple protection tube (Type 310 stainless steel) from the 
Ash Aglomerating Gasifier of the HYGAS plant failed by melting and shorting 
of the thermocouple wires. The melting occurred near the end of the tube that 
was inside the gasifier. This behavior is similar to that of a failure repor­
ted previously.13 The melted zone contained '̂ 4.0 wt% sulfur, which is 
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exceedingly high when compared with the 0.012 wt% sulfur concentration obtained 
from a section not affected by the melting. Sulfur and silicon were observed 
by electron-microprobe analysis to be located in the grain boundaries of the 
bulk material near the melted zone. The cause of failure was excessive de­
viation from specified process temperatures. 

5. GFERC Cracked Gate Valve 

A gate valve used in the steam-generating system of the GFERC coal-
gasification pilot plant failed by fracture of the valve plug guide. The 
valve was in service from 1958 to 1965 and was used again in the reactivation 
tests of April 1976. 

The failure was mechanical, with a crack originating at the inside 
surface of the guide lip. Figure 51 shows a photograph and schematic of the 
fracture surface. The crack origin is indicated along with shear lip, beach 
marks, and crack-propagation direction. The loading was apparently well dis­
tributed, although the crack grew more rapidly to the left of the figure. 
Crack initiation was probably a result of a forging or surface defect. 

The valve has been replaced, and it is recommended that the guide 
surfaces be inspected periodically for surface defects. 

Fig. 51. Photograph and 
Schematic of Fracture Sur­
face of Gate-valve Guide. 
Neg. No. MSD-63860. 
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